Cells undergoing Bax/Bak-mediated apoptosis exhibit signs of autophagy, but how it is activated and its significance is unknown. By directly activating Bax/Bak with BH3-only proteins or BH3 mimetic compounds, we demonstrate that mitochondrial damage correlated with a rapid increase in intracellular [AMP]/[ATP], phosphorylation of 5′ AMP-activated protein kinase (AMPK), and activation of unc-51 like autophagy activating kinase 1 (ULK1). Consequently, autophagic flux was triggered early in the apoptotic pathway, as activation of the apoptosome and caspases were not necessary for its induction. Bax/Bak-triggered autophagy resulted in the clearance of damaged mitochondria in an ATG5/7-dependent manner that did not require Parkin. Importantly, Bax/Bak-mediated autophagy inhibited the secretion of the proinflammatory cytokine interferon-β (IFN-β) produced in response to mitochondrial damage, but not another cytokine interleukin-6 (IL-6). These findings show that Bax/Bak stimulated autophagy is essential for ensuring immunological silence during apoptosis.
Introduction
The autophagy machinery is used to recycle cytoplasmic material, and to protect cells from toxic protein aggregates, dysfunctional organelles and invading pathogens [1] . When energy levels are low, AMP-activated protein kinase (AMPK) is activated and stimulates autophagy by phosphorylating unc-51 like autophagy activating kinase 1 (ULK1) [2, 3] . ULK1 is also activated by nutrient starvation through the mechanistic/ mammalian target of rapamycin complex 1 (mTORC1) [1, 3] . AMPK can also negatively regulate mTORC1 by phosphorylating Raptor to activate autophagy [4] . The activated ULK complex initiates the formation of a curved double membrane structure termed the phagophore, which is expanded via a core set of autophagy related (ATG) proteins, to form the completed autophagosome [1] .
During canonical autophagy, members of the ATG8 family including microtubule-associated protein 1 light chain 3 beta (LC3B) associate with the growing phagophore and aid the elongation of autophagosomal membranes [5] [6] [7] . LC3B-I is cytoplasmic, but can associate with the phagophore when conjugated to the lipid phosphatidylethanolamine. This lipidated form of LC3B is termed LC3B-II. This lipidation is performed by a conjugation machinery that includes ATG5 and ATG7 [8] , and is routinely used as a marker for autophagy [9] . LC3B-II is associated with both completed autophagosomes and also when this vesicles fuse with lysosomes to form autolysosomes, where encapsulated cytoplasmic material is degraded.
Two commonly used inhibitors of autolysosomal function are bafilomycin A 1 (BafA 1 ) and chloroquine (CQ), both of which inhibit the acidification of autolysosomes [1, 10] . Because many lysosomal hydrolases function at low pH, these compounds thereby inhibit degradation of the substrates of autophagy and autophagic flux.
Starvation-induced autophagy is predominantly a nonselective process that encapsulates cellular material within autophagosomal membranes. In contrast, selective forms of autophagy can degrade specific cargo. For instance, mitophagy degrades damaged mitochondria-the bestcharacterised version requires the E3 ubiquitin ligase Parkin and PTEN induced kinase 1 (PINK 1) [11] [12] [13] [14] .
In addition to stimulating autophagy, cellular stresses can also induce mitochondrial-mediated apoptosis. Bax and Bak are the key effector proteins of this form of programmed cell death (Fig. 1a) [15, 16] . Increased expression of BH3-only proteins, such as Bim, or addition of BH3 mimetic compounds such as ABT-737 and S63845, can either directly activate Bax/ Bak or prevent pro-survival Bcl-2 family members (Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and A1) from keeping Bax and Bak in check (Fig. 1a) [17, 18] . When activated, Bax/Bak oligomerize to induce mitochondrial outer membrane permeabilisation (MOMP), which stops energy production and releases cytochrome c into the cytoplasm. Cytochrome c can then bind to Apaf-1 and pro-caspase-9 to form the apoptosome, which activates the caspase cascade.
Two principal models have been proposed to explain how pro-survival Bcl-2 family members inhibit autophagy: [19] (1) by directing inhibiting of the autophagy protein Beclin 1 [20] [21] [22] [23] [24] , and more recently, (2) by inhibiting Bax and Bak [25] [26] [27] [28] . However, how and why Bax and Bak activation induces autophagy remained unclear. Here we show that, without requiring caspase activation by the apoptosome, Bax/Bak activation caused the rapid phosphorylation of AMPK and its substrate ULK1 and subsequent autophagic flux. Mitochondria were digested during Bax/Bak-induced autophagy, presumably to clear the damaged organelles. In addition, Bax/ Bak-triggered autophagy reduced secretion of the proinflammatory cytokine interferon-β (IFN-β), thereby inhibiting a potential innate immune response to apoptotic cells.
Results

Bax/Bak activation induces autophagy independently of formation of the apoptosome
We previously demonstrated that inhibiting the pro-survival members of the Bcl-2 family not only leads to cell death but also activates LC3B lipidation and autophagic flux in a Bax/ Bak-dependent manner (Fig. 1b) [25, 26] . However, the mechanism by which this occurs was unclear. To determine at what stage of the apoptotic pathway autophagy is induced (Fig. 1a) , we activated Bax and Bak directly by the addition of the specific Bcl-2, Bcl-xL and Bcl-w inhibitor ABT-737 in mouse embryonic fibroblasts (MEFs) lacking Mcl-1, so that all the pro-survival proteins were inhibited (Fig. 1b) [18, 29] . We then tested whether inhibiting caspase activation with the pan-caspase inhibitor QVD-OPh would prevent LC3B lipidation (LC3B-I to LC3B-II). While QVD-OPh inhibited both the activating cleavage of caspase-3 and cell death after 4 h of treatment (Fig. 1b,  Supplementary Fig. S1a ), LC3B conversion from LC3B-I to LC3B-II remained unchanged (Fig. 1b) . No further LC3B lipidation was seen in parallel experiments performed with cells lacking Bax and Bak (Fig. 1b) [25, 26] . Therefore, Bax/Bak activation can trigger LC3B conversion independently of caspase activity. LC3B lipidation was specific to mitochondrial-mediated apoptosis as induction of extrinsic apoptosis with TNF and the Smac mimetic Compound A did not stimulate LC3B-II formation ( Supplementary  Fig. S1b ).
To complement the pharmacological approach, we activated Bax/Bak by over-expressing the BH3-only protein Bim using a doxycycline (Dox)-inducible vector. Again, caspase inhibition with QVD-OPh prevented cell death measured by propidium iodide (PI) uptake, but failed to prevent Bax/Bak from increasing LC3B-II formation (Fig. 1c, Supplementary Fig. S1c, d ). To confirm that apoptotic caspases were not required for LC3B lipidation following Bax/Bak activation, we took a genetic approach and utilized cells lacking Apaf-1, a vital component of the apoptosome that activates caspase-9 and subsequently the downstream effector caspases, caspase-7 and caspase-3. As expected, Bim overexpression in Apaf-1 −/− MEFs failed to induce caspase-3 cleavage, or PI uptake even after 16 h (Fig. 1d, Supplementary Fig. S1d ). Despite this, LC3B-II lipidation still occurred within 4 h (Fig. 1d) . We then deleted Mcl-1 using CRISPR/Cas9 technology from Apaf-1 −/− MEFs and treated them with ABT-737. This also induced LC3B lipidation independently of PI uptake (Fig. 1e, Supplementary Fig. S1e ). Therefore, induction of autophagy occurs early on in mitochondrial-mediated apoptosis pathway, independently of the apoptotic caspase cascade. While LC3B lipidation is a useful marker of autophagy, we wanted to determine if the entire autophagy pathway was activated in an apoptosome-independent manner. We have previously shown that autophagic flux induced by both Bim and BH3 mimetics is strictly Bax/Bak-dependent in MEFs [25, 26] . To examine the requirement for apoptotic caspases, we used an mCherry-EGFP-LC3B marker, which reports on downstream autolysosome formation and acidification by a decrease in EGFP fluorescence (Fig. 2a) . Under basal conditions, mCherry and EGFP fluorescence exhibited a linear correlation; however, when autophagy was stimulated by starving cells in amino-acid free Hank's balanced salt solution (HBSS), EGFP fluorescence decreased as expected (Fig. 2b, c) [25] . When cells lacking Apaf-1 and Mcl-1 were treated with ABT-737 to induce Bax/Bak activation, EGFP fluorescence also decreased, while mCherry emission remained high (Fig. 2b, c) , indicating that LC3B moved into autolysosomes. The drop in EGFP fluorescence could be prevented by the addition of the (auto)lysosomal inhibitor Bafilomycin A 1 (BafA 1 ) (Fig. 2b, c) . Overexpression of Bim strongly induced autophagic flux, as measured by a drop of EGFP in cells lacking Apaf-1 (Fig. 2d, e) . Therefore, autophagic flux induced by Bax/Bak activation occurs independently of the apoptosome and caspase activation.
AMPK phosphorylates ULK1 following Bax/Bak activation
Because autophagy was stimulated independently of caspases, we sought to understand the pathway that links Bax/ Bak activation to autophagic flux. To determine if the major regulators of autophagy were responsible, we treated cells and p-AMPK T172 ) (Fig. 3a ) [2, 3, 30] . Apaf-1 −/− cells, in which the apoptosome cannot form, were used initially to ensure changes were not a consequence of apoptotic caspase activity. AMPK was robustly activated following Bax/Bak activation, and the autophagy protein ULK1 was phosphorylated by AMPK on both serine 317 and serine 555 (Fig. 3b) .
Similarly, Bim overexpression induced rapid ULK1 phosphorylation by AMPK (Fig. 3c) . In contrast, the mTORC1 phosphorylation site on ULK1, serine 757, was unchanged by Bax/Bak activation, although other markers of mTORC1 activity, such as phosphorylation of S6 and 4E-BP1, were more variable (Fig. 3b, c, Supplementary Fig. S2a) .
Interestingly, the activation of autophagy by Bax/Bakactivation had a distinct profile from that seen with either starvation-induced autophagy, or by treatment with carbonyl cyanide m-chlorophenyl hydrazone (CCCP), which , and/or starved by culturing them in HBSS. e Quantitation of (d) (n = 3 independent experiments). The mean is shown in all graphs; error bars represent the SEM induces mitophagy [11] . CCCP activated ULK1 by modulating both AMPK and mTORC1 signalling, while starvation in HBSS inhibited mTORC1 signalling under these experimental conditions (Fig. 3b, c) . When ATG5 was deleted using CRISPR/Cas9 and two different guide RNAs, LC3B was no longer lipidated, but AMPK was still phosphorylated (Fig. 3d ). This suggested that AMPK activation occurred either prior to or in parallel with formation of the apoptosome and caspase activation, and was upstream of autophagy induction.
However, when AMPK activity was inhibited by deletion of both AMPKβ1 and AMPKβ2, autophagic flux still occurred, indicating that AMPK is not the only regulator of Bax/Bakstimulated autophagy ( Supplementary Fig. S2b, c) . Following Fig. S2d , e).
Therefore, AMPK appears to be the primary mechanism of the autophagy induction during Bax/Bak-activation, but mTORC1 can also contribute when AMPK is inactivated.
Because Bax/Bak activation disrupts mitochondrial membrane potential and therefore ATP production, we hypothesised that a drop in ATP levels was responsible for AMPK activation. We therefore measured total cellular [AMP]/[ATP] by mass spectrometry after 4 h treatment with ABT-737. The ratio of AMP to ATP increased approximately 4-fold compared to control cells, and occurred whether or not cells could activate caspases (Fig. 3e) . A similar, but smaller, increase in [AMP]/[ATP] ratio was observed when Bim was induced with doxycycline ( Fig. 3e) . We suspect Bim caused a smaller change because induction of Bim required both transcription and translation prior to activation of Bax and Bak, whereas ABT-737 acted immediately.
Bax/Bak-activation induces the degradation of mitochondria by autophagy PINK1 and Parkin are the best-characterised mediators of damage-induced mitophagy, a selective form of autophagy that degrades mitochondria [11, 12] . Because Bax/Bak activation damages the outer mitochondrial membrane, we hypothesised that this form of mitophagy would be stimulated. To investigate this possibility, we took advantage of the mitophagy marker mt-mKeima. This protein localises to the mitochondrial matrix and has a different excitation spectrum depending on pH, thereby indicating whether mitochondria have been delivered to the acidic lysosomal environment [31] . In a classic HeLa cell mitophagy model [14] , treatment with the mitophagy inducers antimycin/oligomycin (A/O) caused mitochondria to be delivered to a more acidic environment in a Parkin-dependent manner, and the shift in excitation was repressed by the autolysosomal inhibitor BafA 1 , as expected ( Supplementary  Fig. S3a-c) [14, 31] . As with A/O treatment, Bax/Bakactivation caused by a combination of ABT-737 and the Mcl-1 inhibitor S63845 increased the acidic environment of mitochondria (Fig. 4a, b, Supplementary Fig. S3a-c) . This shift was inhibited by the lysosomal inhibitor BafA 1 . However, unlike A/O-induced mitophagy, mitochondrial localisation to the lysosome did not require Parkin overexpression (Fig. 4a, b) , although Parkin could increase the fluorescence shift ( Supplementary Fig. S3a ). Deletion of ATG5 inhibited both LC3B lipidation and mitochondrial acidification (Fig. 4a, b, Supplementary Fig. S3c ), suggesting that some mitochondria were being trafficked to the lysosome in an autophagy-dependent manner.
Similar results were observed in fibroblasts. A/O treatment caused a BafA 1 -inhibitable mt-mKeima excitation shift and required Parkin (Fig. 4c, Supplementary Fig. S4a ). While ABT-737 treatment was similarly suppressed by either BafA 1 treatment or deletion of ATG7, it was independent of Parkin 1 (Fig. 4c, d, Supplementary Fig. S4a-c) . Bim overexpression also induced Parkin-independent but ATG5-and ATG7-dependent mitochondrial localisation into lysosomes ( Supplementary Fig. S4d, e) .
Consistent with mt-mKeima data, mitochondria localised with GFP-LC3B puncta that formed following ABT-737 treatment (Fig. 4e, Supplementary Fig. S4f ). To confirm mitochondria were being degraded, we activated Bax/Bak and measured mitochondrial load and membrane potential with MitoTracker ® Green FM and Deep Red FM, respectively (Fig. 4f, Supplementary Fig. S4g ). ABT-737 reduced both the mitochondrial membrane potential and mitochondrial load, the latter of which could be prevented by BafA 1 . Therefore, activation of Bax/Bak leads to mitochondria being degraded by autophagy.
Bax/Bak-activated autophagy suppresses type I interferon secretion Bax/Bak-activation induces the pro-inflammatory cytokine IFN-β by releasing mitochondrial (mt)DNA and activating the cGAS/STING cytoplasmic DNA-sensing pathway (Fig. 5a ). Apoptotic caspases suppress this pathway [32] [33] [34] . Because Bax/Bak-activation also induces autophagy Fig. 4 Bax/Bak-activation causes the degradation of mitochondria by autophagy. a Bax/Bak activation stimulates mitochondria to move to the lysosome in ATG5-dependent but Parkin-independent manner. HeLa cells infected to over-express the mitophagy marker mt-mKeima where further infected to overexpress Parkin and/or to delete ATG5. Cells were treated with BH3 mimetics ABT-737 (1 μM) and S63845 (1 μM) to induce Bax/Bak activation in the presence of 10 μM QVD-OPh, and 0.1 μM BafA 1 to inhibit autophagy for 16 h prior to analysis by flow cytometry (n = 3-4 independent experiments). b Representative flow cytometry dot plots and gating from a of HeLa cells with or without ATG5 expressing the mt-mKeima marker but without Parkin over-expression. MEFs, and those with deleted ATG5 or ATG7, were treated for 4 h with 1 μM ABT-737 and/or 10 μM QVD-OPh prior to RNA purification. After cDNA synthesis, the fold change of ABT-737 treatment to untreated of Ifnb1/Gapdh was calculated (n = 3-13, using four different gRNAs independently: ATG5.299, ATG5.405, ATG7.113, and ATG7.160). f IFN-β is produced to similar extents irrespective of a functional canonical autophagy system. Cells were treated with 1 μM ABT-737 and/or 10 μM QVD-OPh for 4 h prior to lysis and immunoblotting. Representative of 3 experiments. g Apaf-1
−/− ΔMcl-1 MEFs were treated with 1 μM ABT-737 for 4 h and subjected to sequential centrifugation as illustrated (left; adapted from ref. [38] ). Samples were normalised to contain equal amount of total protein (30 μg), except for fractions 1-10 where the entire sample was loaded. Representative of three independent experiments. All graphs represent the mean and SEM and degrades mitochondria, we hypothesised that autophagy induced during apoptosis may also aid in limiting IFN-β secretion.
Addition of the caspase inhibitor QVD-OPh increased the levels of IFN-β in the supernatant of Mcl-1 −/− MEFS induced to undergo apoptosis by treatment with ABT-737 (Fig. 5b) , as expected [32] . When canonical autophagy was also inhibited by deletion of either ATG5 or ATG7 in addition to caspase inhibition (using cells from Fig. 3d and Supplementary Fig. S4c, respectively) , IFN-β secretion increased five to sixfold (Fig. 5b) . Indeed, following Bax/ Bak activation, deletion of autophagy genes alone enhanced IFN-β secretion to a similar extent as caspase inhibition (Fig. 5b) , suggesting the caspase and autophagy pathways suppress IFN-β secretion to similar extents. To determine if IFN-β secretion depended on mtDNA for its production when autophagy was inhibited, we made mtDNA-depleted (ρ 0 ) cells. Secretion of the cytokine was almost completely inhibited in ρ 0 cells with or without caspase inhibition (Fig. 5c ). Since mtDNA drives IFN-β secretion, we investigated if a difference in mtDNA levels was causing greater cytokine secretion in ATG5-or ATG7-deleted compared to parental cells; however, this was not the case ( Supplementary Fig. S5a ). In addition, ABT-737 induced cell death similarly in all cell lines ( Supplementary  Fig. S5b ). Not all cytokine secretion is regulated by canonical autophagy during Bax/Bak-mediated apoptosis, however, as secretion of IL-6 was not greater in ATG5-or ATG7-deleted cells than parental ones (Fig. 5d) .
As autophagy can reduce Infb1 mRNA in models of viral infection [35] [36] [37] , we measured Infb1 mRNA levels following ABT-737 treatment. Surprisingly, inhibition of autophagy by deletion of ATG5 or ATG7 did not increase Infb1 mRNA levels (Fig. 5e) , unlike caspase inhibition with QVD-OPh [32] . Consistent with this result, intercellular IFN-β protein levels were also similar between lines with deleted autophagy genes (Fig. 5f) . Interestingly, chemical inhibition of autophagy by BafA 1 did not produce as striking effects as deletion of ATG5 or ATG7 on IFN-β secretion (Fig. 5b, Supplementary Fig. S5c ). These data suggest that ATG5 and ATG7 affect cytokine secretion rather than regulating its production, at least during the first few hours.
If this hypothesis is true, one would expect to find IFN-β associated with autophagosomes. Following sequential centrifugation to separate different organelles (Fig. 5g) [38] , the majority of IFN-β and LC3B-II were both present in fraction 5 following the OptiPrep gradient. On the other hand, lysosomal (LAMP1), plasma membrane/endosome (TNFR1), nuclear (Histone H3), ER-Golgi (Calnexin), and mitochondrial (TIM44) markers, were also present in other fractions where IFN-β was absent, indicating that IFN-β were most likely associated with autophagosomes. Taken all together, our data suggest that autophagosomes sequester IFN-β to help keep apoptosis an immunologically silent.
Discussion
Programmed cell death can be used as a defensive strategy to limit replication of intracellular parasites such as viruses, and this may be why cell death mechanisms initially evolved. This is consistent with observations that cell death mechanisms can generate pro-inflammatory signals that aid in the immune response against infection. However, when apoptosis is used during development or to maintain homoeostasis of cell number, inflammation is undesirable. Here we describe a novel mechanism by which apoptotic cells prepare for death so that unwanted inflammation can be avoided. By inducing autophagy via AMPK (and under some circumstances through mTORC1 inhibition), apoptotic cells reduced secretion of the inflammatory cytokine IFN-β and degraded mitochondria (Fig. 6 ). We were surprised to find that Parkin was not essential for the degradation of mitochondria following Bax/Bak-activation. We believe that mitochondria are most likely non-selectively sequestered within autophagosomes, because even though Fig. 6 Model of Bax/Bak-stimulated autophagy. Bax/Bak activation induces 3 separate pathways: (1) apoptotic caspase cascade, (2) IFN-β production via the cGAS/STING pathway and (3) autophagy. Both apoptotic caspases and autophagy restrain IFN-β secretion to render apoptotic cells immunologically silent alternative mitophagy pathways do occur, such as those employing NIX, BNIP3 or FUNDC1, these take place during reticulocyte maturation or hypoxia [39, 40] . Our results are consistent with previous findings showing that over-expression of Puma (a BH3 only protein) and Bax localise with LC3 on the mitochondria, and leads to the degradation of the mitochondrial proteins in a Bax/Bakdependent manner [28] .
Autophagic degradation of mitochondria following limited Bax/Bak activation could, under some circumstances, protect cells from unnecessary cell death [28, 41] . In laboratory settings, Bax/Bak are often activated by very strong stimuli that are sufficient to damage the vast majority of mitochondria. Conversely, minimal stresses might lead to moderate Bax/Bak activation and damage of only a few mitochondria, leading to subsequent 'minority MOMP' [42] . Cells can sometimes survive minority MOMP and it is possible Bax/Bak-stimulated autophagy may play a role in achieving this. Indeed, genetic abrogation of autophagy causes an accumulation of damaged mitochondria and increased sensitivity to cell death in erythroid and lymphoid cells [43, 44] . As the apoptosis machinery regulates the hematopoietic stem cell (HSC) compartment and autophagy is required for its maintenance [45, 46] , it is possible that Bax/Bak-induced autophagy plays a role in haematopoiesis.
By degrading mitochondria, Bax/Bak-mediated autophagy could decrease the mtDNA available to produce an innate immune response. While this is the simplest explanation for how Bax/Bak-mediated autophagy limits IFN-β secretion, we suspect cGAS/STING activation occurs too quickly for degradation of mitochondria (and mtDNA) by autophagy to inhibit this early step effectively. Our data suggest that Bax/Bak-stimulated autophagy causes the cytokine to become sequestered. This is a distinct mechanism from that activated during viral infection. For instance, ATG9a deletion inhibited transcription of cGAS/ STING-induced Infb1 following treatment with poly(dAdT) dsDNA [35] . Similarly, Infb1 mRNA levels were increased in ATG5 or ATG7 knockouts upon exposure to viral dsRNA via the RIG-1 pathway [36, 37] . It remains to be determined if autophagosomes capture IFN-β by nonselective macroautophagy or selective autophagy.
Lastly, it is intriguing to speculate that the effect of Bax/ Bak-induced autophagy on the immune response could be different in specialised cell types. Toll-like receptor (TLR)9, which recognises unmethylated CpG dinucleotides found in both bacterial and mitochondrial DNA, resides in endosomes (a type of vacuole that can fuse with autolysosomes) of B lymphocytes, monocytes, natural killer cells, and plasmacytoid dendritic cells [47] . Therefore it is possible that autophagy does not inhibit the IFN response during apoptosis of TLR9-expressing immune cells, but may even enhance it. It has been suggested that mtDNA-activated TLR9 may actually enhance autophagic flux [48, 49] . Consistent with this, TLR3 has been shown to sample apoptotic cells via endosomes after transfection with poly I: C, a model of viral infection [47, 50] . Our results suggest that even outside the immune system the links between cell death and inflammatory responses remain, but where an immune response is not needed, such as when cell death is used for development or to maintain homoeostasis of cell number, both autophagy and apoptosome-activated caspases suppress cytokine production and unwanted inflammation.
Materials and methods
Compounds
ABT-737 was purchased from Sellick, and QVD-OPh was from MP Biomedicals. Doxycycline, bafilomycin A 1 , carbonyl cyanide 3-chlorophenylhydrazone (CCCP), oligomycin A, and antimycin A were purchased from Sigma. The Mcl-1 inhibitor S63845 was synthesised as specified in US Patent Application No. 20150175623 (example 185) [17] . Compound A was a gift from TetraLogic Pharmaceuticals, while Fc-hTNF is made in house. 
Cell lines and constructs
Bak
−/− and wild-type MEFs have been previously described [25, [51] [52] [53] . The autophagic flux marker pBABE-puro/mCherry-EGFP-LC3B as described in [54] , was obtained from AddGene (#22418). Parkin from pEGFPparkin WT (AddGene #45875) was subcloned into pMX-IRES-GFP, and infected MEFs and ATG5-deleted HeLas [14] were sorted for GFP expression following infection. HeLas expressing pBMN-YFP-Parkin (AddGene #59416) and the retroviral pCHAC-mt-mKeima (AddGene #72342) have previously been described [14, 55] . Additional genes were deleted from MEFs by CRISPR/ Cas9 technology using lentiCRISPR v2 (Addgene # 52961) and inserting guide RNA into BsmBI sites [56] . Cells were infected with viral vectors and selected with puromycin. For ATG5 and ATG7 deleted lines, pools of cells were used. For Mcl-1-deleted lines, cells were cloned after selection to insure sufficient Mcl-1 reduction. Guide sequences for MEFs are as follows:
Mcl-1.2 (GGGCGGCGGTTCTCCGGCAG) [57] , ATG5.299 (AAGATGTGCTTCGAGATGTG), ATG5.405 (AAGAGTCAGCTATTTGACGT), ATG7.113 (TTTAATAGTGCCCTGGACGT), ATG7.160 (GAAGTTGAACGAGTACCGCC). ATG5-deleted HeLa cells were made and described previously [14] .
ATP and AMP concentrations
MEFs were seeded two days prior and treated for 4 h with doxycycline or ABT-737. Cells were washed in cold PBS and lysed in 0.5 M perchloric acid, clarified, and neutralised with 2.3 M KHCO 3 prior to measurement by liquid chromatography mass spectrometry as described previously [58] .
Western blots
Cells were treated as indicated prior to lysis in 20 mM Tris pH 7.5, 135 mM NaCl, 1.5 mM EDTA, 10% glycerol, 1% Triton X-100 including protease inhibitors (Roche, Dee Why, NSW, Australia) [25] . Equal amounts of protein were separated on 10% NUPAGE Autophagic flux assays were performed as previously described [9, 25, 26] . Briefly, cells were infected with pBABE-puro/mCherry-EGFP-LC3B and sorted prior to 16 h treatment with indicated treatments and processed for flow cytometry.
Mitophagy assays
Cells infected with pCHAC-mt-mKeima were treated as indicated to induce Bax/Bak activation for 16 h prior to analysis by flow cytometry [14, 31] . Mitochondrial load and potential were assayed with 0.1 μM of MitoTracker ® Green FM and 0.1 μM MitoTracker ® Deep Red FM, respectively, as per the manufacturer's instructions. For confocal imaging, MEFs previously infected with the pBabe puro/EGFP-LC3 [59] and pMIH/mCherry-Bak-α9GGCK [60] were seeded in eight-well chamber μ-slides (Ibidi) and treated as indicated. Cells were subsequently fixed with 4% PFA in PBS for 10 min, washed with PBS, and stained with 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI; ThermoFisher) for 10 min. Images were obtained using a Zeiss LSM 780 microscope; with Z-stacks obtained using a 63x oil objective and acquired with ZEN software (Zeiss). Images were merged using FIJI software.
ELISAs
MEFs lacking Mcl-1 (20 000 cells) were seeded in 24-well plates. The next day, cells in 0.5 mL were treated as indicated for 16 h. After spinning plates to pellet cells, 0.25 ml supernatant were collected and stored at −80°C. Supernatant samples were thawed at room temperature and IFN-β ELISAs were performed with 50 μL sample using the VeriKine-HS TM Mouse IFN Beta Serum ELISA Kit (PBL Assay Science) as per the manufacturer's instructions. IL-6 ELISAs were performed on the same supernatents using the Mouse IL-6 ELISA Ready-SET-Go! ® kit (eBioscience).
Rho (ρ 0 ) cell production
Mitochondrial (mt)DNA-depleted cells were produced as previously reported [32] . Briefly, cells were cultured in 100 ng/ml ethidium bromide in media supplemented with 50 μg/ ml uridine and 100 μg/ml sodium pyruvate for 7-8 days prior to seeding for experiments. Twice as many ethidium bromide-treated cells were seeded compared to controls as depleted cells had a greatly reduced division rate. Mitochondrial DNA depletion was confirmed by qPCR as previously described [32] .
Autophagosome purification
Autophagosome enrichment was performed essentially as described [38] . Briefly, 10 15-cm dishes of Apaf-1 −/− ΔMcl-1 MEFs were treated with 1 μM ABT-737 to induce Bax/ Bak activation for 4 h. Cells were scraped, washed in ice cold PBS and homogenised through a 27-G needle in H Buffer [20 mM HEPES-KOH pH 7.2, 400 mM sucrose, 1 mM EDTA, protease inhibitors]. Lysate was sequentially centrifuged at 1000×g (10 min), and then at 3000×g (10 min), 25,000×g (20 min), and 100,000×g (30 min) at 4°C in a TLA100.3 rotor (Beckman). 25,000×g pellet was resuspended in 0.75 ml 1.25 M sucrose buffer and overlayed with 0.5 mL 1.1 M and 0.25 M sucrose buffer (in 10 mM Tris-HCl pH 7.4). After centrifugation at 120,000 xg for 2 h at 4°C in a TLS 55 rotor (Beckman), the pellet and light fraction, which is visible by eye, were collected. The light fraction was diluted in 110 mM Tris-HCl pH 7.4 to dilute sucrose and the pellet was collected following a 100,000×g spin for 1 h (SW40 Ti; Beckman). The pellet was resuspended in a 2.5 ml 19% OptiPrep (D1556; SIGMA) for a step gradient containing 1.25 ml 22.5%, 2.5 ml 19%
(sample), 2.25 ml 16%, 2.25 ml 12%, 2.5 ml 8%, 1.25 ml 5% and 0.5 ml 0% OptiPrep each in buffer O (20 mM Tricine-KOH, pH 7.4, 250 mM sucrose, 1 mM EDTA). After centrifugation at 150,000×g for 3 h in a SW40 Ti rotor, 1.25 mL fractions were taken from the top and diluted in B88 buffer (20 mM HEPES-KOH, pH 7.2, 250 mM sorbitol, 150 mM potassium acetate, 5 mM magnesium acetate) to pellet samples at 100,000×g for 1 h (SW40 Ti). All samples were resuspended in loading buffer.
